Introduction
============

*Hirsutella thompsonii* (*Ht*) (*Ophiocordycipitaceae*, *Hypocreales,* and *Sordariomycetes*) is a pathogenic fungal species that infects arthropod hosts and causes natural epizootics in populations of blueberry bud mites (*Acalitus vaccinii*), citrus rust mites (*Phyllocoptruta oleivora*), and coconut fruit mites (*Aceria guerreronis*) ([@evv037-B76]; [@evv037-B99]). It produces an insecticidal protein Hirsutellin A, which is ribotoxic to a variety of pest populations ([@evv037-B34], [@evv037-B35]). The insecticidal property of *Ht* has been exploited, for example, spore suspension of *Ht* is used against *Varroa* mites and promoted under the trade name *Mycar*, but this product has limited commercial success due to efficacy issues ([@evv037-B32]; [@evv037-B100]). The genus *Hirsutella* includes some other well-known insect-pathogenic fungi, such as *Hirsutella rhossiliensis* and *Hirsutella sinensis* ([@evv037-B88]). A range of bioactive secondary metabolites have been reported in *Hirsutella* species, such as linear and cyclic nonribosomal peptides: Hirsutellic acid A, hirsutide, hirsutatins A and B; polyketide synthase--nonribosomal peptide synthase (PKS--NRPS) hybrid metabolites: Cytostatic cytochalasin Q ([@evv037-B61]). Some strains of *Hirsutella* are also used in traditional Chinese medicines and neutraceutical preparations ([@evv037-B68]; [@evv037-B61]).

The dynamics of insect--fungal interactions is complex and has critical implications in biocontrol of insect pests. Recent genome-based studies are providing interesting insights into genetic and pathogenic mechanisms involved in insect--fungal interactions ([@evv037-B25]; [@evv037-B48]; [@evv037-B109]; [@evv037-B102]; [@evv037-B9]; [@evv037-B97]). For example, phylogenomic analyses of insect-pathogenic fungi *Beauveria bassiana* (*Bb*) ([@evv037-B102]), *Cordyceps militaris* ([@evv037-B109]), and *Metarhizium anisopliae* ([@evv037-B25]) indicate similarity in evolutionary expansion of gene families such as chitinases, lipases, proteases, etc. within insect-pathogenic fungi that could be attributed to their insect killing strategies and host ranges. Such genome-wide studies are the leading steps for comprehensive understanding of insect--fungal associations in the context of fungal evolution and ecology. This study was thus initiated to decipher the genome sequence of *Ht* and compare it with two phylogenetically closely related species within the fungal order *Hypocreales*: *Ophiocordyceps sinensis* (*Os*) (*Ophiocordycipitaceae*) ([@evv037-B55]; [@evv037-B37]), and *Bb* (*Cordycipitaceae*), an effective mycoinsecticide ([@evv037-B102]), so as to reveal similarities and differences in their genetic make-up and its possible implications in insect--fungal interactions and pathogenicity.

Insect-pathogenic fungi disintegrate the chitin-rich insect cuticle by the action of a variety of chitinases ([@evv037-B11]). Fungal chitinases (EC 3.2.1.14) have been exploited in the development of biocontrol strategies against insects, fungi, or nematodes ([@evv037-B78]; [@evv037-B84]). Pathogenic fungi contain various chitin-degrading enzymes with an average of 10--20 different chitinases, where chitinases play diverse biological roles, such as cell-wall remodeling, nutrient scavenging and aggressive functions ([@evv037-B78]; [@evv037-B25]; [@evv037-B33]; [@evv037-B29]). Genome surveys of chitinases from pathogenic fungi suggest high variability in gene size and modular structure of chitinases that could be related to their diverse lifestyle pattern ([@evv037-B79]; [@evv037-B44]; [@evv037-B33]). However, there has been no report on diversity and phylogeny of chitinases from *Hirsutella* species. Our study focuses on the evolutionary relationships of *Bb, Ht,* and *Os* chitinases.

Materials and Methods
=====================

Fungal Isolates and Maintenance
-------------------------------

*Hirsutella thompsonii* isolates MTCC 3556 (*Ht3*) and MTCC 6686 (*Ht6*) were accessed from the Microbial Type Culture Collection (MTCC), located at CSIR-Institute of Microbial Technology, Chandigarh, India. The *Ht3* strain, isolated from coconut perianth mite (*Aceriaguerreronis*), was deposited in MTCC by S. Ramarethinam from J. Stanes and Co. Ltd., Coimbatore, Tamil Nadu. The *Ht6* strain, isolated from red spider mite, was deposited in MTCC by S. Debnath of the Tea Research Association, P.O. Cinnamara, Jorhat, Assam.

The fungal cultures were grown on potato-dextrose agar medium and incubated at 25 °C for 6--8 days. Glycerol stocks were prepared from fresh mycelia in 10% glycerol and stored at −70 °C for further use. Genomic DNA was isolated from fresh mycelia using ZR Fungal/Bacterial DNA kit (Zymo Research, catalog number D6005) following manufacturer's protocol. The concentration and quality of DNA extracted were assessed by Nanodrop Spectrophotometer ND-1000 (Thermo Scientific, Wilmington) and 0.8% agarose gel electrophoresis, respectively.

Morphological Characterization of *Ht3* and *Ht6*
-------------------------------------------------

Fungal morphological features were observed under Olympus BX51 microscope. The microscopic images were captured using Olympus XC10 digital camera and analyzed using CellB image analysis software (Olympus, Tokyo, Japan).

Phylogenetic Position of *Ht3* and *Ht6*
----------------------------------------

The nuclear ribosomal small and large subunits (*nrSSU* and *nrLSU*), elongation factor 1α (*tef1*), the largest subunit of RNA polymerase ІІ (*rpb1*), and β-tubulin (*tub*) genes were retrieved from the *Ht3* and *Ht6* genomes. The gene sequences were included in the concatenated five gene data set of hypocrealean fungi ([@evv037-B88]). Maximum parsimony analysis was performed in PAUP v4.0 ([@evv037-B89]). Ambiguously aligned regions were excluded from the analysis. Gaps were treated as missing data. Trees were inferred using the heuristic search option with 1,000 random sequence additions.

Genome Sequencing, Assembly, and Annotation
-------------------------------------------

Paired-end (PE) (insert size of 350 bp and length 101 bp) shotgun sequencing of *Ht* genomes was performed using Illumina HiSeq 1000 technology at the Centre for Cellular and Molecular Platforms (C-CAMP) Bangalore, India. Mate-pair (MP) (insert size of 2 kb and length 101 bp) information was also obtained for *Ht3*. De novo assembly was performed using CLCbio wb6.0 (<http://www.clcbio.com/>, last accessed March 10, 2015). The data sets were scanned and filtered for the presence of any reads from bacterial DNA that may be present as contaminants. The DNA of *Ht6* was found to likely be contaminated by some of the bacterial strains, mainly belonging to the genera, *Bordetella*, *Burkholderia*, *Escherichia*, and *Phyllobacterium*. The genomes of all available species of these bacteria were retrieved from National Centre for Biotechnological Information (NCBI) and the reads of *Ht6* were aligned to these genomes. The contigs obtained were also subjected to BLAST against nucleotide collection database at NCBI, and the reads that showed significant matches to only bacterial sequences but no hits to fungal sequences were discarded in the final assembly. The refined contigs obtained were scaffolded using SSPACE v2.0 ([@evv037-B5]) and gaps were filled using GapFiller v1.10 ([@evv037-B6]).

Genome annotation was performed using the MAKER pipeline v2.0 with Augustus as the gene predictor ([@evv037-B85]; [@evv037-B10]). *Bb* ARSEF 2860 (PRJNA38719) and *Os* CO18 (PRJNA59569) genomes were reannotated using the same methodology. Combinations of both the original and reannotated set of genes/proteins from all genomes were used for further computational analyses. The predicted proteins were subjected to BLASTp ([@evv037-B2]) against the nonredundant protein sequences database at NCBI. The tRNAs in *Ht3* and *Ht6* were identified using the tRNAscan-SE v1.3 ([@evv037-B57]). The draft genomes of *Ht3* and *Ht6* were deposited at NCBI-GenBank under the accession number APKB00000000 and APKU00000000, respectively.

Cluster of Orthologous Groups
-----------------------------

In order to classify the proteins into orthologous groups of various cellular and metabolic functions, clusters of orthologous groups (COG) were generated by subjecting the predicted proteomes to BLASTp against the COG database ([@evv037-B92]) (<http://www.ncbi.nlm.nih.gov/COG/>, last accessed March 10, 2015) with an *E* value cutoff of 1e^−5^. For each COG mapping, functional assignment was provided based on COG general category letter associations. Orthologous proteins among all the four genomes were characterized by reciprocal best BLAST hits (*E* value cutoff of 1e^−10^) obtained using a PERL script of Proteinortho v2.0 ([@evv037-B51]). Gene family expansions and contractions were estimated using the Computational Analysis of gene Family Evolution (CAFE) v3.0 ([@evv037-B30]). Molecular Evolutionary Genetics Analysis (MEGA) v6.0 ([@evv037-B91]) was used to prepare Maximum Likelihood Newick tree that was used as an input for CAFE. Significant changes in gene numbers were analyzed at *P* value cutoff of 0.01.

Carbohydrate Active Enzymes
---------------------------

Structurally related catalytic enzymes belonging to classes, glycoside hydrolases (GHs), glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs) and auxiliary activities (AAs), and associated carbohydrate-binding modules (CBMs) were searched in the predicted proteome of all the four genomes. The HMM profiles of CAZy database ([@evv037-B56]) (<http://www.cazy.org/>, last accessed March 10, 2015) on dbCAN web server ([@evv037-B104]) were used to assign the CAZy families to the predicted protein sequences of *Bb, Ht3*, *Ht6,* and *Os*.

Protein Family Classification
-----------------------------

The gene clusters and the proteins responsible for the biosynthesis of secondary metabolites were identified by subjecting the predicted proteome from all the four genomes to antiSMASH server ([@evv037-B58]). Pathogen--host interacting (PHI) partners were identified using PHI database ([@evv037-B101]) with an *E* value cutoff of 1e^−5^. In order to identify ribonuclease (RNase) sequences from all the four genomes, "Ribonucleases fungi" was used as keyword search in NCBI and 817 RNase sequences were retrieved. These retrieved RNase sequences were searched against protein databases for all the four genomes using BLASTp at *E* value cutoff of 1e^−5^. Transporter Classification Database ([@evv037-B74]) was used to identify membrane transport proteins. The cytochrome P450 (CYP) superfamily was classified according to P450 classification database ([@evv037-B64]). The mating type genes for fruiting body development, karyogamy and meiosis, mating process and mating signaling in *Aspergillus nidulans*, *Metarhizium acridum,M. anisopliae*, and *Neurospora crassa* ([@evv037-B25]) were retrieved from NCBI and the predicted protein sequences of all the four genomes were subjected to BLASTp against these proteins with an *E* value cutoff of 1e^−5^.

Identification of MAT Idiomorphs
--------------------------------

Sexual development in fungi is regulated through the mating type genes ([@evv037-B52]). The presence of mating type loci in the four genomes was assessed by sequence similarities to the corresponding MAT genes in other filamentous fungi ([@evv037-B25]). MAT1-1-1 idiomorphic region encodes for alpha domain, MAT1-1-2 for conserved Proline--Proline--Phenylalanine domain whereas MAT1-1-3 for High Mobility Group (HMG) domain with a DNA-binding site ([@evv037-B8]; [@evv037-B46]). Likewise, MAT1-2-1 idiomorph encodes for MatA HMG box with a DNA-binding site ([@evv037-B8]). The presence of these conserved domains was used to identify the mating type loci. Synteny among all the four genomes was analyzed for the scaffolds containing the mating type locus by locating the position of MAT locus and their flanking genes. The absence of any gene was rechecked through mapping back the reads on these genes.

Transposable Elements and Repeat-Induced Point Mutation Analysis
----------------------------------------------------------------

The transposable elements (TEs) were classified by subjecting genome sequences of *Bb, Ht3*, *Ht6,* and *Os* to BLASTn against the Repbase (<http://girinst.org>, last accessed March 10, 2015) libraries of RepeatMasker (<http://www.repeatmasker.org>, last accessed March 10, 2015). Repeat-induced point mutations (RIPs) were estimated using the RIPCAL v1.0 ([@evv037-B31]).

Phylogenetic Analysis of GH Family 18 Chitinases
------------------------------------------------

Chitinase sequences were retrieved from the predicted proteomes of all the four genomes using ProfileScan (<http://www.csd.hku.hk/bruhk/gcgdoc/profilescan.html>, last accessed March 10, 2015) by identifying the conserved active site signature motif \[LIVMF\]-\[DN\]-G-\[LIVMF\]-\[DN\]-\[LIVMF\]-\[DN\]-x-E ([@evv037-B40]) (Prosite No. PS01095). The retrieved chitinase sequences were aligned using PCMA ([@evv037-B71]) and a hidden Markov model profile was built using HMMER v3.1b1 ([@evv037-B22]). This HMMER profile hidden Markov model was further used to scan the four predicted proteomes to identify additional homologs of GH18 chitinases that may have a mutated active site motif. This list of GH18 chitinase sequences was found to be identical to what we retrieved through CAZy GH searches ([supplementary table S1, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online) with the exception of one chitinase sequence (*Bb GH18-3*) that was observed to be shorter in length.

A total of 140 fungal GH18 chitinase sequences were selected from the chitinase data set reported previously ([@evv037-B44]). The 74 chitinase sequences from the four genomes were classified and aligned with these fungal GH18 family chitinase sequences using MEGA. Three alignment files for subgroups A, B, and C fungal chitinases were prepared as previously described ([@evv037-B79]; [@evv037-B44]) ([supplementary sets S1--S3, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). Only the sequences of the catalytic domains were included for the phylogenetic classification ([@evv037-B75]). Each alignment was manually adjusted to allow maximum alignment of residues and minimize gaps. Maximum parsimony analysis was performed using PAUP.

Elucidation of Domains Architecture of GH Family 18 Chitinases
--------------------------------------------------------------

The domain architecture of the putative chitinases was obtained using the InterProScan, Pfam, and SMART databases ([@evv037-B77]; [@evv037-B73]; [@evv037-B53]; [@evv037-B72]). Also these sequences were analyzed to evaluate their theoretical pI and molecular weight using the Protparam tool ([@evv037-B27]).

Results
=======

General Features
----------------

*Ht3* and *Ht6* were observed to have typical *Hirsutella*-morphologies ([@evv037-B45]) ([supplementary fig. S1, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). In the multigene phylogenetic analysis, *Ht3* and *Ht6* were found to be clustered within *Ophiocordycipitaceae* (*Hypocreales*) ([supplementary fig. S2, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). The genome sequencing, assembly, and annotated features for *Ht3* and *Ht6* genomes are presented in [table 1](#evv037-T1){ref-type="table"}. About 75% of predicted proteins in *Ht3* and *Ht6* were found to have homologs in *Bb* ARSEF 2860 (*Cordycipitaceae*, *Hypocreales*), whereas about 44% of predicted proteins in *Ht3* and 38% in *Ht6* were found to have homologs with *M. anisopliae* ARSEF 23 (*Clavicipitaceae, Hypocreales*). [Table 2](#evv037-T2){ref-type="table"} presents the highlights of the comparative analyses for the four genomes. A total of 10,714, 9,756, 10,259, and 9,130 predicted proteins were identified in *Bb*, *Ht3*, *Ht6,* and *Os* genomes, respectively. A comparative distribution of functional attributes of the predicted proteins is presented in [supplementary figure S3*A*, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online. Reciprocal BLAST analysis identified 4,989 proteins as the core proteome of the four genomes contributing almost 50% of their distinct proteomic content ([supplementary fig. S3*B*, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). *Ht3* and *Ht6* were found to share 8,182 proteins, exhibiting maximum orthology as expected. The unique protein content of each genome varied in the order *Ht3* (15%) \< *Ht6* (19%) \< *Os* (36%) \< *Bb* (42%) ([supplementary fig. S3*B*, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). Table 1Sequencing, Assembly, and Annotated Features for the *Ht* GenomesGeneral genome Features*Ht3Ht6*Genome size34.6 Mb34.7 MbPE reads58,288,78863,296,052High-quality reads57,988,71356,897,996High-quality mapped reads44,357,83248,273,170MP reads192,572---N50 contigs180,407214,019Scaffolds474981Contigs6211,003Coverage (mapped)169× (121×)165× (116×)ORFs9,75610,259Annotated ORFs8,6998,705NCBI-GenBank accession no.APKB00000000APKU00000000 Table 2Major Highlights of the Comparative Analyses for the Four Genomes: *Ht3*, *Ht6*, *Os,* and *Bb*Category*Ht3Ht6OsBb*RangeTotal no. of predicted proteins9,75610,2599,13010,7149,130--10,714Total no. of GHs149149108186108--186Total no. of GTs991037910779--107Total no. of PLs12231--3Total no. of CEs7882389038--90Total no. of AAs5869286628--69Total no. of CBMs2531336025--60No. of CBM1 proteins00040--4No. of CBM18 proteins576105--10No. of CBM50 (LysM) proteins1013151910--19No. of PHI proteins1,9311,9951,5721,9791,572--1,995No. of membrane transporters568610743764568--764No. of G-protein coupled receptors15141599--15No. of RNase genes2425101810--25No. of genes involved in biosynthesis of sec. metabolites5659324332--59No. of CYPs1371409213292--140No. of chitinase sequences1915172315--23Subgroup-A chitinases129955--12Subgroup-B chitinases433113--11Subgroup-C chitinases33573--7

Survey of Carbohydrate Active Enzymes
-------------------------------------

A total of six classes: GHs ([supplementary table S1, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online), GTs ([supplementary table S2, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online), PLs ([supplementary table S3, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online), CEs ([supplementary table S4, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online), AAs ([supplementary table S5, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online), and CBMs ([supplementary table S6, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online) as provided in CAZy database were compared in this study. The significantly expanded/contracted gene families are listed in [table 3](#evv037-T3){ref-type="table"}. All the four genomes were found to contain genes putatively encoding enzymes of the GH16 (xyloglucan: xyloglucosyltransferase), GH18 (chitinase), and GH76 (α-1,6-mannanase) families. GT4 family enzyme identified as *N*-acetylglucosaminyltransferase (CAFE *P* value, 0.001) was observed in all four species, showing its expansion in *Ht3*, *Ht6,* and *Bb* genomes. GT41 was observed in *Ht6* and *Bb*. Further, *Ht6* and *Bb* were found to contain CBM66 (CAFE *P* value is 0.01) that is implicated in β-fructosidase activity, usually in bacteria ([@evv037-B13]). Both GT41 and CBM66 are expanded in *Ht6* and *Bb*. CBM18 and CBM50 (LysM) family modules implicated in chitin-binding function in association with chitinase catalytic domains were found to be predominantly present in all the four genomes. Moreover, CBM19 and CBM55 also implicated in chitin-binding functions were observed in *Bb* and *Os*, respectively. Table 3List of Statistically Significant Expanded/Contracted Gene FamiliesFamily*Ht3Ht6OsBb*Gene Family ExpansionGH151312*Ht6*, *Bb*GH1819151722*Ht3*, *Bb*GH742451*Os*, *Ht6*GT45824*Ht3*, *Ht6*, *Bb*GT261000*Ht3*GT410201*Ht6*, *Bb*AA717231128*Ht3*, *Ht6*, *Bb*CBM660205*Ht6*, *Bb*CoA_Ligase2229916*Ht3*, *Ht6*, *Bb*Intermediate_filament_protein_MDM11011*Ht3*, *Os*, *Bb*Oxidoreductase FAD/NAD(P)-binding2835427*Ht3*, *Ht6*, *Bb*

PHI Genes
---------

The virulence-associated genes that are likely to be involved in a variety of fungal--host interactions were identified in *Bb*, *Ht3*, *Ht6,* and *Os* ([table 4](#evv037-T4){ref-type="table"} and [supplementary table S7, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). We identified 10.3%, 10.1%, 10.4%, and 8.2% of the 19,162 experimentally verified PHI genes ([@evv037-B101]) involved in virulence from *Bb*, *Ht3*, *Ht6,* and *Os*, respectively. List of significantly expanded/contracted PHI families is provided in [table 3](#evv037-T3){ref-type="table"}. Table 4Pathogen--Host Interacting Genes and Their Distribution in *Ht3*, *Ht6*, *Os,* and *Bb* GenomesCrucial Steps in Pathogen--Host InteractionsInteracting Virulence-Associated Genes*Ht3Ht6OsBb*References1. AdhesionHydrophobins3314[@evv037-B83])Cell-wall protein genes (Mad1, Mad2)1120[@evv037-B98]2. Appresorium formationProtein kinases (MAPK/hog1)123129128139[@evv037-B106]); [@evv037-B105])3. Epicuticle PenetrationCYP69724271[@evv037-B70]Vitamin H: biotin transporter2111[@evv037-B18]4. Cuticle PenetrationGlycosyl transferases (carboxylate transporter genes: increase pH)37373135[@evv037-B42]Subtilisin protease: protein lysis in insect epidermis1213915[@evv037-B16]Glutaminase and NADH-specific glutamate dehydogenase: catabolism of aminoacids4472[@evv037-B23]GHs22201526[@evv037-B19]

Genes involved in signal transduction were identified in all the four genomes ([supplementary table S8, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). These included several multidrug resistance transporters, responsible for protection against a variety of toxic compounds ([@evv037-B300]). We also identified RNases ([supplementary table S9, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online) in the four genomes that catalyze the cleavage of phosphodiester bonds in RNA and play important role in RNA processing and nonspecific RNA degradation ([@evv037-B60]).

Gene Clusters Involved in Biosynthesis of Secondary Metabolites
---------------------------------------------------------------

In the present genome analysis, genes involved in the biosynthesis of secondary metabolites from the four genomes were found to mainly consist of NRPS, PKS, and terpene gene clusters ([supplementary table S10, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). The contraction of these gene clusters was observed in *Os*, except for unusual heterocyst glycolipid synthase (HglD/E)- like PKS known for production of unsaturated fatty acids and lipids ([@evv037-B67]) that were expanded in *Os*, and is perhaps related to their psychrophilic adaptation.

Metabolism-Associated Genes
---------------------------

CYP family enzymes, CYP51 (lanosterol 14 alpha-demethylase) which is involved in ergosterol biosynthesis and in membrane permeabilization ([@evv037-B20]) and CYP53 involved in detoxification of toxic benzoate molecules ([@evv037-B41]), were observed in all the four genomes. In addition to these, CYP504, involved in detoxification of phenylacetate derivatives ([@evv037-B21]), was observed in maximum copy numbers as compared with the other CYPs in the four genomes. CYP52 family proteins, known to participate in host--cuticle penetration by metabolizing host epicuticle lipids ([@evv037-B107]), were also observed in all the four genomes, with comparatively more proteins in *Bb*. *Ht3*, *Bb,* and *Os* showed contraction (negative CAFE average expansion values, *Ht3*: −0.03, *Bb*: −0.32, *Os*: −0.44) of CYPs whereas expansion of CYPs was observed in *Ht6* (CAFE average expansion is 0.02) ([supplementary table S11, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). Interestingly, a protein belonging to the CYP55/PNOR family of nitric oxide reductases was detected in the *Ht* genomes. This protein was observed to share synteny in *Ht3* and *Ht6* with conserved flanking regions ([supplementary fig. S4, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online).

RIP and Diversity of TEs
------------------------

Repeat-induced point mutation (RIP) is a genome defense mechanism in fungi that acts on repetitive DNA to control the progression of TEs through hypermutation ([@evv037-B36]). The RIP frequency index in all the four genomes was found to be almost similar whereas the distribution of TEs differed ([fig. 1](#evv037-F1){ref-type="fig"}). Overall, an irregular pattern of TEs was observed in all the four genomes. F[ig]{.smallcaps}. 1.---(A) Estimation of RIPs and (*B*) Diversity of transposase genes in *Ht3*, *Ht6*, *Bb,* and *Os* genomes. RIPs were estimated using the RIPCAL. RepeatMasker was used to search for the TEs.

Mating Type
-----------

A number of mating type genes common in fungi were observed in the *Ht3*, *Ht6*, *Bb*, and *Os* genomes ([supplementary table S12, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). Based on the presence of conserved domains and sequence similarity with mating type genes of hypocrealean entomopathogenic and plant pathogenic fungi, six mating type genes, that is, MAT1-1-1, MAT1-1-2, MAT1-1-3 (MAT1-1 locus), MAT1-2-1 (MAT1-2 locus), matA/MAT A3 (MAT2 locus: Two copies) were identified in the *Ht3* and *Os* genomes, whereas only four mating type genes were identified in the *Ht6* and *Bb* genomes, including MAT1-2-1 (MAT1-2 locus: Two copies) and matA/MAT A3 (MAT2 locus: Two copies) in *Ht6* genome; and MAT1-1-1 (MAT1-1 locus), MAT1-2-1 (MAT1-2 locus), and matA/MAT A3 (MAT2 locus: Two copies) in *Bb* genome. Interestingly, syntenic analysis revealed the presence of MAT1-2 locus in place of MAT1-1 locus and the conservation of genes flanking the MAT1-1 locus in *Ht6* ([fig. 2](#evv037-F2){ref-type="fig"}). *Bb* showed the presence of only MAT1-1-1 gene ([fig. 2](#evv037-F2){ref-type="fig"}). Synteny was also analyzed for other MAT loci, MAT1-2 and MAT2, and the genes flanking these MAT loci were found to be mostly conserved in the four genomes ([supplementary fig. S5, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). The genomic location of these mating type genes is provided in [supplementary table S13, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online. F[ig]{.smallcaps}. 2.---Synteny of mating-type loci (MAT1-1-1, MAT1-1-2, and MAT1-1-3) and their flanking regions in *Os*, *Ht3*, *Ht6,* and *Bb* genomes. MAT loci and their flaking gene regions showing orthologous relationships are labeled in the same color.

Phylogenetic Analysis of GH Family 18 Chitinase Sequences
---------------------------------------------------------

Fungal chitinases have previously been classified into three subgroups A, B, and C on the basis of amino acid (aa) sequence similarity of their GH18 catalytic domains ([@evv037-B79]; [@evv037-B78]). In our analysis, the three data sets, through, subgroups A, B, and C were individually analyzed to reconstruct the phylogeny of fungal chitinases. Uniformity in the sequence profile of *Ht3* and *Ht6* chitinases was observed. These *Ht3* and *Ht6* chitinase sequences have been named based on their increasing molecular weight values ([supplementary table S14, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online). *Bb* and *Os* chitinases have been named on the basis of sequence similarity with *Ht* chitinases. These chitinases are represented as *XChi-z*, where *X* is the organism label (*Ht3*, *Ht6*, *Bb,* or *Os*) and *z* is the designated number. GH18 chitinase sequences with mutations in the catalytic site are referred to with a different nomenclature, where *X GH18-z* is used for demarcating it from the putative chitinolytically active proteins. Phylogenetic trees are shown in [figure 3](#evv037-F3){ref-type="fig"}*A--C* and the PAUP statistical information on data sets is presented in [supplementary table S15, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online. F[ig]{.smallcaps}. 3.---Phylogenetic relationships of catalytic domains of GH family 18 chitinases subgroups A, B, and C (*A--C*). MP tree showing evolutionary history (PAUP\* 4.0 b win). Bootstrap values greater than 50% are shown. Shaded region shows the chitinase sequences obtained from *Ht3*, *Ht6*, *Bb*, and *Os* genomes.

In this study, 23, 19, 15, and 17 chitinase sequences from *Bb*, *Ht3*, *Ht6,* and *Os* genomes, respectively, were identified. Among four additional chitinase sequences identified in *Ht3* as compared with *Ht6*, three belong to subgroup-A and one to subgroup-B ([fig. 3](#evv037-F3){ref-type="fig"}). The three chitinase sequences (*Ht3Chi-15*, *Ht3Chi-16*, and *Ht3 GH18-2*) belonging to subgroup-A are observed to cluster with *Ht6Chi-14*. Further, all these chitinase sequences show close similarity with *Ht3Chi-14* ([fig. 3](#evv037-F3){ref-type="fig"}*A*). *Ht3Chi-15* and *Ht3Chi-16* are identical in length (278 aa) and with a predicted molecular weight of 31 kDa. Their sequences are 97% identical, differing only at 7 aa positions. *Ht3 GH18-2* sequence is 208 aa long and 23 kDa in weight. *Ht3Chi-14* sequence differs from *Ht3Chi-15*, *Ht3Chi-16*, and *Ht3GH18-2* in having a higher predicted molecular weight (38 kDa) and length (338 aa).

Domain Architecture of GH Family 18 Chitinases
----------------------------------------------

The domain organization for all the chitinases identified in this study is presented in [figure 4](#evv037-F4){ref-type="fig"}. *Ht3* and *Ht6* were found to have a similar domain pattern with the exception of *Chi-12*. *Ht3Chi-12* was observed to have a single chitin-binding domain belonging to CBM18 family, whereas *Ht6Chi-12* had two CBM18 domains. Additional domains for AMP-binding enzyme, phosphopantetheine attachment site and nicotinamide adenine dinucleotide (NAD)-binding enzyme were observed in *HtChi-13* and *OsChi-13*. Similarly, WD40 domain was observed in *BbChi-1* and Hce2 domain was detected in *BbChi-14* and *BbChi-20*. F[ig]{.smallcaps}. 4.---Domain organization of *Ht3*, *Ht6*, *Bb*, and *Os* chitinases. Protein domains, as identified with InterProScan, Pfam, and SMART databases are shown.

Discussion
==========

Comparative Distinctions among *Bb*, *Ht*, and *Os* Genomes
-----------------------------------------------------------

Genome comparisons of *Bb, Ht3, Ht6,* and *Os* suggest overall reduced gene family sizes in *Ht3* and *Os* as compared with *Ht6* and *Bb* genomes. It is known that RIP is a maintenance force of evolutionary diversity and genome organization during sexual cycle ([@evv037-B80]; [@evv037-B24]). We speculate that the differences in gene family sizes in the four fungi may perhaps be related to the frequency of meiotic/recombination events linked to the active RIP mechanism ([@evv037-B59]), in addition to the other selective forces.

Hypocrealean fungi are known to exhibit diversity in their mating behavior. Some of these fungi are self-fertile/homothallic, whereas some are self-sterile/heterothallic ([@evv037-B65]). Genotypically, their mating response has been indicated to be regulated by mating type genes ([@evv037-B52]; [@evv037-B65]). The presence of two compatible MAT idiomorphs, MAT1-1 and MAT1-2, is suggested to decide homothallism and heterothallism in ascomycetes ([@evv037-B52]; [@evv037-B65]). As of now, there has been no report on mating/teleomorph in *Ht*. It is quite possible that *Ht* undergoes recombination/meiosis but it is uncertain yet. Interestingly, in this study, MAT1-1-1, MAT1-1-2, and MAT1-1-3 mating type genes (MAT1-1 idiomorph) are identified in *Ht3*, whereas synteny analysis reveals the presence of MAT1-2-1 gene (MAT1-2 idiomorph) in place of MAT1-1 idiomorph in *Ht6* ([fig. 2](#evv037-F2){ref-type="fig"}). This indicates at cryptic sexuality in *Ht*. Similar to this study, isolate-specific differences in mating genes were observed in two isolates of *Metarhizium robertsii* (Previous name: *M. anisopliae*) ([@evv037-B69]). However, fungi can switch between homo- and heterothallic mode ([@evv037-B65]); therefore, additional gene expression and experimental studies are required to investigate their homo-/heterothallic mode of mating.

Entomopathogenic fungi have a number of virulence-associated genes in their genome to adapt to the diverse ecological niches ([@evv037-B47]; [@evv037-B26]; [@evv037-B108]). Therefore, the expansion of virulence genes is suggested to affect the pathogenicity potential and evolution of host affiliation. *Os* genome (size: 78.5 Mb) is about more than double the size of other three fungal genomes but shows a comparatively reduced set of protein-coding genes and is rich in repeats similar to that observed for many obligatory pathogens such as powdery mildew fungi ([@evv037-B82]) and rust fungi ([@evv037-B17]). It shows peculiar behavioral traits, such as a biphasic pathogenic lifestyle, obligatory mycoparasitism, and psychrophilic adaptation*.* Unlike the other three fungi in this study, *Os* has a unique lifestyle exhibiting concealed virulence in early larval developmental stages of ghost moths and a fatal virulence in late caterpillar instars ([@evv037-B37]). Interestingly, *Os* contains several unusual PKS that participate in accumulation of lipids and unsaturated fatty acids ([@evv037-B67]) that perhaps help it to adapt to extreme cold environments.

CYPs represent one of the largest protein families which are involved in a number of biochemical reactions associated with primary, secondary, and xenobiotic metabolism ([@evv037-B12]). CYPs are suggested to be important for organisms to acclimatize to novel ecological niches through functional diversification ([@evv037-B12]). These proteins play important roles in detoxification, biosynthesis, and other metabolic reactions ([@evv037-B12]). *Ht* genomes contain a CYP55/PNOR family gene that is reported to participate in anaerobic denitrification and detoxification ([@evv037-B90]; [@evv037-B81]), possibly enabling adaptation to hypoxic/anoxic conditions in *Ht*. This gene was likely acquired through horizontal transfer from actinobacteria as inferred by sequence identities (about 40%) with bacterial CYP105 ([@evv037-B93]; [@evv037-B81]). This gene is suggested to be an important constituent of fungal denitrification system that involves reduction of toxic nitric oxide into nontoxic nitrous oxide ([@evv037-B81]). The metabolic process of this system is not connected to the mitochondrial respiratory system and redox partners, rather electrons are directly received by CYP55 from NAD to reduce nitric oxide to nitrous oxide ([@evv037-B81]). Therefore, the presence of CYP55 could be related to the fungal survival strategy under oxygen deficient or oxidative stress conditions in response to the antimicrobial defense of the host ([@evv037-B66]; [@evv037-B81]). It is thus suggested as one of the factors in *Ht* that could be responsible for its variable ecological niche adaptations and host affiliations.

*Ht3* and *Ht6* Chitinases
--------------------------

This study reports 19 and 15 chitinase sequences, including three and one GH18 sequences with mutations at the active site in *Ht3* and *Ht6* genomes, respectively. This observation is in accordance with the previous reports that there are higher numbers of chitinase genes in entomopathogenic fungi (ranging from 10 to 20) than plant-pathogenic fungi (ranging from 6 to 15) ([@evv037-B25]; [@evv037-B102]). *Ht3Chi-14* sequence is predicted to possibly share paralogous relationship with *Ht3Chi-15*, *Ht3Chi-16*, and *Ht3GH18-2* chitinase sequences. We therefore consider that additional subgroup-A chitinase sequences in *Ht3* strain could have been acquired through gene duplication events.

Revision of Classification of *Bb* Chitinases
---------------------------------------------

Our study refines the classification of *Bb* chitinases previously proposed ([@evv037-B102]), where they compared the occurrence of domains and modules in chitinases and classified nine *Bb* chitinases without CBM in subgroup-A, four *Bb* chitinases with CBM at C-terminal in subgroup-B, and seven *Bb* chitinases with CBM18 and CBM50 in subgroup-C. In our study, we have classified the chitinases based on aa sequence similarity of catalytic domains of subgroups A, B, and C chitinases, similar to previous reports ([@evv037-B79]; [@evv037-B44]). Interestingly, 5, 11, and 7 *Bb* chitinases are grouped in subgroups A, B, and C, respectively. The differences could be observed in domain distribution previously proposed ([@evv037-B102]) ([fig. 4](#evv037-F4){ref-type="fig"}). One of the subgroup-A chitinases (*BbChi-1*) contains a WD domain. Only three of the subgroup-B chitinases classified in our analysis are observed to contain CBM1. The remaining eight subgroup-B chitinases are not found to contain any CBMs. Similarly, only four of seven subgroup-C chitinase sequences are observed to contain CBM18 and CBM50 domains. Subgroup-B and -C chitinases are mainly attributed to participate in nutritional and aggressive functions such as virulence to insects in entomopathogenic fungi ([@evv037-B15]; [@evv037-B14]; [@evv037-B4]); therefore, higher number of subgroup-B and subgroup-C chitinases in *Bb* genome may be related to the virulence of *Bb*.

Evolutionary Peculiarities in *Bb* Chitinases
---------------------------------------------

Previous studies suggest *Hypocrea jecorina Chi18-15* (GenBank: BK006088.1)*,* an active participant in degradation of insect cuticle, to have been horizontally transferred from actinobacteria ([@evv037-B44]; [@evv037-B39]). *Hypocrea jecorina Chi18-15* clusters with *BbChi-15* (GenBank: KM220983), sharing 84% aa sequence similarity in the catalytic domain that suggests this chitinase was horizontally transferred prior to the split of *H. jecorina* and *Bb* ([fig. 3](#evv037-F3){ref-type="fig"}*B*). The evolution of *H. jecorina Chi18-15* and its fungal and bacterial orthologs have been suggested to occur under different selective forces following horizontal gene transfer where the functional divergence is proposed to be created by loop-associated regions to rapidly evolve selective modifications ([@evv037-B95]). This suggests adaptive evolution in *BbChi-15* chitinase and positive selection of adaptable modifications in functional properties ([@evv037-B1]) that may affect the entomopathogenicity potential of *Bb*.

*Bb GH18-3* represents a paralog of *BbChi-15* and *H. jecorina Chi18-15* ([fig. 3](#evv037-F3){ref-type="fig"}*B*). The identified *Bb GH18-3* chitinase sequence (132 aa) is almost half the length of other GH18 chitinase catalytic domain sequences. Sequence and structure-based analysis suggests a half TIM-barrel fold, containing only the N-terminal half region, for *Bb GH18-3*. The TIM-barrel (α/β)~8~ fold has been suggested previously to have evolved by tandem gene duplication and fusion of half-barrels (α/β)~4~ and hence it is possible that *Bb GH8-3* may function as a homodimer ([@evv037-B49]; [@evv037-B63]). Nevertheless, there is a need to experimentally validate biochemical function of *Bb GH18-3* to comment on its evolutionary implications.

Protein Domain Distribution in Fungal Chitinases
------------------------------------------------

This study provides interesting insights about the domain distribution in chitinases of entomopathogenic fungi ([fig. 4](#evv037-F4){ref-type="fig"}). For example, *Ht3Chi-12* is found to have domains CBM18 and CBM50 (LysM), whereas *Ht6Chi-12* has two CBM18 domains. However, both CBM18 and CBM50 are implicated in chitin-binding functions ([@evv037-B78]). Similarly, presence of AMP+PP+NAD in subgroup-A *Chi-13* of *Ht* and *Os* indicates their role in secondary metabolites (nonribosomal peptide synthetases) production, virulence, and fungal development ([@evv037-B61]). Likewise, presence of WD40 domain in *Bb-Chi1* belonging to subgroup-A could have implications in molecular recognition events through protein--protein or protein--DNA interaction ([@evv037-B103]). Subgroup-A chitinases are so far known to participate in general physiological functions related to the growth and development of the fungus ([@evv037-B78]). The occurrences of additional domains AMP+PP+NAD or WD40 in subgroup-A chitinases hints at a possible role of subgroup-A chitinases in pathogenicity in addition to other routine functions. However, further investigations are required to confirm the role of subgroup-A chitinases in virulence.

Though subgroup-B chitinases are expected to have CBM domains ([@evv037-B33]), our analysis reveals inconsistent scenarios. The CBMs are found to be present in subgroup-B chitinases from *Bb* genome but absent in those from *Ht* and *Os* genomes. *Aspergillus niger*, *A. nidulans*, *A. terreus*, *A. flavus*,*Neosartorya fischeri* (Ascomycota) and *Coprinus cinereus*, *Sporobolomyces roseus* (Basidiomycota) too lack CBMs in their subgroup-B chitinases ([@evv037-B78]). The CBMs are involved in chitin-binding functions and their absence in *Ht*, *Os* and other ascomycete and basidiomycete genomes may affect the specific recognition events of fungal chitinases. Further, the exclusive association of CBM1 family members with subgroup-B chitinases and the association of CBM18 and CBM50 family members (possessing chitin-binding ability) with subgroup-C chitinases identified in our study are found to be consistent with the CBM distribution of mycoparasitic *Trichoderma* spp. that are important biocontrol agents ([@evv037-B44]; [@evv037-B28]).

The domain architecture of subgroup-C chitinases interestingly reveals the presence of Hce2 domains in *BbChi-14* and *BbChi-20*. Hce2 has been identified as a homolog of the Ecp2 effector protein of plant-pathogenic fungus *Cladosporium fulvus* ([@evv037-B96]; [@evv037-B50]; [@evv037-B86], [@evv037-B87]). It has been recognized as a necrosis-inducing factor in plants that is involved in pathogenicity against the host ([@evv037-B7]; [@evv037-B86], [@evv037-B87]). In silico characterization has revealed that in conjugation with GH18 chitinases, Hce2 shows high similarity with killer toxin Zymocin from *Kluyveromyces lactis* with possible antagonistic functions ([@evv037-B87]). Similarly, a recent functional study of *A. nidulans* subgroup-C killer toxin-like chitinases has shown the effect of deleted subgroup-C chitinase associated with Hce2 domain in lowering the growth inhibitory activity of culture filtrates, implicating the role of this protein in interspecific fungal--fungal interactions ([@evv037-B94]). Accordingly, the occurrence of Hce2 in *Bb* could be one of the factors for virulence and ecological niche adaptations.

Research Scope
--------------

*Ht* is known to produce the insecticidal ribotoxin hirsutellin A (HtA) ([@evv037-B34]). Although about 20 ribotoxins have been described from filamentous fungi, HtA is the only one known from entomopathogenic fungi ([@evv037-B3]; [@evv037-B54]; [@evv037-B38]; [@evv037-B43]; [@evv037-B34]). We have identified a total of 77 putative RNase protein sequences in *Bb*, *Ht3*, *Ht6,* and *Os* genomes ([supplementary table S9, Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv037/-/DC1) online); however, there is a need to gain more insights about their evolution and function in entomopathogenic fungi that could help in the identification of components responsible for making RNases into ribotoxins. Additionally, it will aid in the exploitation of these ribotoxins in plant protection measures and biomedical applications.

The GHs analysis shows the prevalence of GH families GH2, GH3, GH16, GH18, GH43, GH47, GH72, GH76, and GH109 in the four genomes. Among these characterization of 5 GH2, 30 GH3, 5 GH16, 13 GH18, 6 GH43, and 5 GH47 members of fungal origin have been reported ([@evv037-B62]), but none from GH72, GH76, and GH109. Moreover, about 25% of annotated proteins in all the four genomes are with unknown/hypothetical functions.

A total of 244 PHI protein families categorized from the four genomes can further help in exploring their role in pathogenicity, such as to aid in the discovery of enzymes with potential insecticidal properties.

Conclusions
===========

The genome sequencing of the insect pathogenic fungi *Ht* and its comparative analysis with *Bb* and *Os* genomes have provided interesting insights into insect--fungal associations, evolutionary insights into chitinases, and offer clues to improve the efficacy of *Ht* as a biological control agent.
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